Abstract-Nyquist-mPPM-LQAM is proposed, theoretically analyzed, and experimentally demonstrated for power-and spectrum-efficient optical modulation. Based on Nyquist shaping, Nyquist-mPPM-LQAM halves the occupied bandwidth with doubled spectrum efficiency compared with mPPM-LQAM. Taking Nyquist-4PPM-QPSK as an example, a receiver sensitivity of −49.8 dBm at BER of 1e-3, corresponding to a calculated power efficiency of 9.1 dB with a spectrum efficiency of 1 bit/s/Hz/pol, is experimentally demonstrated at 10 Gbit/s. An improvement of 1.6 dB in power efficiency is observed over QPSK at the same spectrum efficiency. Thus, the proposed format can provide high power efficiency with double spectrum efficiency compared with non-Nyquist-shaped formats.
I. INTRODUCTION

S
PECTRUM efficiency and power efficiency are two important performance metrics for optical communication systems. In recent decades, tremendous efforts have been made to improve the spectrum efficiency for ultra-large capacity optical communications and the power efficiency for free-space optical communications. Optical multiplexing techniques, in cooperation with multilevel modulation formats, can be employed to achieve a relatively high bit rate with high spectrum efficiency in fiber-optical transmissions systems [1] , [2] . In contrast, for unrepeatered optical transmission or free-space optical communications, research efforts have focused on power efficiency to extend the transmission distance. M-ary pulse-position modulation (mPPM) is a wellknown highly power-efficient modulation format [3] that offers superior sensitivity and consequently ultra-long reach [4] . However, mPPM would compromise the spectrum efficiency at a given transmission speed compared with quadrature phase-shift keying (QPSK). Therefore, hybrid mPPM with polarization-division-multiplexed QPSK (PDM-QPSK) modulation [5] , [6] and polarization-switched QPSK (PS-QPSK) Manuscript modulation [7] is proposed to improve the spectrum efficiency. However, the spectrum efficiency of the hybrid modulation is still less than that of QPSK. To further increase the spectrum efficiency, QPSK and mPPM are extended to L-ary quadrature-amplitude modulation (LQAM) and multi-pulse pulse-position modulation (MPPM) [8] , respectively, and the maximum achievable constrained power efficiencies of the MPPM-LQAM technique are derived and discussed. In our previous work [9] , we proposed and experimentally demonstrated a spectrum-and power-efficient modulation format based on Nyquist-shaped mPPM-QPSK, termed herein Nyquist-mPPM-QPSK. In this letter, the concept is extended from QPSK to LQAM, and the principle and characteristics of Nyquist-mPPM-LQAM are fully described. Taking NyquistmPPM-QPSK as an example, we show the implementation of signals at higher speed (10 Gbit/s). The experimental results show a receiver sensitivity of -49.8 dBm at bit error rate (BER) of 1e-3, corresponding to a calculated power efficiency of 9.1 dB with a spectrum efficiency of 1 bit/s/Hz/pol. For the same spectrum efficiency, a power efficiency improvement of 1.6 dB over QPSK is obtained.
II. PRINCIPLE
The generation and detection of the proposed NyquistmPPM-LQAM modulation format is similar to the conventional mPPM-LQAM format. Each Nyquist-mPPM-LQAM symbol contains log 2 (m) + p bits, of which log 2 (m) bits are encoded through mPPM, while the remaining p bits are encoded through LQAM [10] . The baseband data signal is rectangular-shaped in the frequency domain to generate the Nyquist-mPPM-LQAM signal with a digital raised-cosine filter [11] . The corresponding pulse shape is a sinc function
where T is the symbol period of the LQAM signal, T s = T /m is the slot period of the mPPM signal, and x s (t) is the rectangular shape of the mPPM-LQAM signal. Thus, the Nyquist-shaped signal is generated with a reduced signal bandwidth of | f | < 1/2T s . The bandwidth of NyquistmPPM-LQAM is halved compared with mPPM-LQAM. The bandwidth expansion factor (BWEF), which is defined as the ratio between the required modulation rate and the signal bit rate, is employed to evaluate the performance of mPPM-LQAM and Nyquist-mPPM-LQAM. A smaller BWEF results in a higher spectrum efficiency. For Nyquist-mPPM-LQAM, we have
where p is the number of bits per symbol of LQAM. NyquistmPPM-LQAM has a smaller BWEF and higher spectrum efficiency than mPPM-LQAM for the same order of PPM.
Benefiting from the orthogonality between adjacent Nyquist pulses, the optimized sample points feature zero inter-symbol interference (ISI). If mPPM-LQAM is ideally Nyquistshaped, based on the theoretical receiver sensitivity of mPPM-LQAM [10] , the BER performance of the NyquistmPPM-LQAM signal can be expressed as
where S E R m P P M = 2(m−1) m B E R m P P M is the symbol error ratio of mPPM, and B E R L Q AM is the theoretical BER of the LQAM format.
Similarly, based on binary phase shift keying (BPSK), we obtain the BER of Nyquist-mPPM-BPSK and mPPM-BPSK by substituting p with 1. It is worth mentioning that although the BER of the Nyquist-shaped signal is supposed to be equal to the BER of the non-Nyquist-shaped signal under ideal conditions (mPPM-LQAM is perfectly Nyquist-shaped), it is difficult to achieve due to the limited sampling rate of the DACs and the nonlinearity of the modulator drivers. Fig. 1 depicts the power efficiency in photons per bit (PPB) versus spectrum efficiency for the proposed Nyquist-shaped signals in comparison to other related modulation formats. Nyquist-shaped formats can achieve twofold spectrum efficiency without reducing power efficiency. Meanwhile, a sensitivity gain is obtained by mPPM modulation, such as a 2.3 dB improvement compared to Nyquist-4PPM-QPSK and Nyquist-QPSK. Therefore, Nyquist-4PPM-QPSK reveals an obvious theoretical advantage of approximately 2.3 dB over QPSK at the same spectrum efficiency of 1 bit/s/Hz/pol. In the case of a single-pulse format, which is limited by QAM signals with low power efficiency, the performance of mPPM-QAM is still worse than mPPM-BPSK and mPPM-QPSK. Because the spectrum efficiency of QPSK is twice as high as that of BPSK, and the power efficiency is the same as for BPSK, mPPM-QPSK will have better performance than mPPM-BPSK. In contrast to single-pulse PPM format, the MPPM-LQAM format benefits from multi-pulse PPM, which can further increase both the spectrum and power efficiencies over mPPM-QPSK [8] . Thus, Nyquist-shaped MPPM-LQAM is expected to show excellent performance.
To further discuss these power-efficient modulations, the simulated results of Nyquist-mPPM-QPSK and mPPM-QPSK are validated using an additive white Gaussian noise (AWGN) channel, as shown in Fig. 2 . Because there is only a single ISI-free sampling point for each NyquistmPPM-QPSK signal, a compromised performance is observed in the simulation compared to a non-Nyquist-shaped signal. The value of power efficiency is shown as a BER of 1e-3, which is 0.2 dB away from 4PPM-QPSK, 0.4 dB away from 2PPM-QPSK and 0.5 dB away from QPSK on account of Nyquist-shaping.
III. EXPERIMENT AND DISCUSSION
In the experiment, we use the implementation based on mPPM-QPSK format as an example to verify the feasibility of our proposal based on the mPPM-LQAM format. Fig. 3 shows the experimental setup with transmitter-and receiver-side digital signal processing (DSP) methods, for the generation and detection of Nyquist-mPPM-QPSK, mPPM-QPSK, Nyquist-QPSK and QPSK signals. On the transmitter side, the continuous wave (CW) light from an external cavity laser (ECL) at 1550.116 nm with a linewidth of 100 kHz is injected into an I/Q modulator. The 10 Gbit/s data sequence with a PRBS of 2 9 -1, which is used to drive the modulator, is mapped by natural coding, PPM-encoded, QPSK-encoded, and Nyquist-shaped signals through the transmitter side DSP before further conversion to inphase (I) and quadrature (Q) signals through an arbitrary waveform generator (AWG) with two synchronized digital-to-analog converters (DACs). The generated signal is then attenuated to control the received power.
At the receiver side, the received signal is amplified and filtered by a 0.7 nm optical bandpass filter. The digital coherent receiver, which consists of an optical local oscillator (OLO) with a 100 kHz linewidth, a 90-degree optical hybrid, two pairs of balanced photo-detectors and a real-time sampling oscilloscope, is used to receive the signal for offline processing. A Bessel digital filter is used first as an antialiasing filter. Then, the processes of frequency offset compensation, timing synchronization, PPM decoding and QPSK decoding are performed. In PPM decoding, the time slot with the highest energy out of the m slots of each Nyquist-shaped or nonNyquist-shaped mPPM-QPSK symbol is found to recover the first log 2 (m) bits associated with the mPPM coding. The QPSK decoding, including the phase tracking algorithm so on, is used to recover the remaining 2 bits related to QPSK coding.
As shown in Fig. 4(a) , the recovered constellations of the Nyquist-4PPM-QPSK, 4PPM-QPSK, Nyquist-2PPM-QPSK and 2PPM-QPSK signals after PPM and QPSK demodulation are shown at a BER of 1e-3 and at an error-free state, respectively.
The transmitted and received signal spectra are illustrated in Fig. 4(b) . The bandwidth of the 4PPM-QPSK, Nyquist-4PPM-QPSK, 2PPM-QPSK, Nyquist-2PPM-QPSK, QPSK and Nyquist-QPSK signals are 20 GHz, 10 GHz, 13.3 GHz, 6.7 GHz, 10 GHz and 5 GHz, respectively. The side-lobes of the spectra for Nyquist-shaped signals are attributed to the limited sampling rate of the DACs as well as the nonlinearity of the modulator drivers. Power efficiency versus spectrum efficiency for Nyquist-mPPM-QPSK and mPPM-QPSK modulation at FEC limit.
2PPM-QPSK and QPSK signals are also plotted for comparison [12] . The receiver sensitivities of 4PPM-QPSK, 2PPM-QPSK and QPSK at the BER of 1e-3 (hereinafter) are 3.7 dB, 4.1 dB and 4.0 dB away from the theoretical values, respectively, due to the excessive EDFA noise and hardware implementation. As expected, due to Nyquist shaping, the receiver sensitivities of Nyquist-4PPM-QPSK and Nyquist-2PPM-QPSK are both 1.0 dB larger than 4PPM-QPSK and 2PPM-QPSK. A 0.6 dB receiver sensitivity penalty of the Nyquist-QPSK signal compared to the QPSK signal is also observed. However, benefiting from the property of PPM modulation, the receiver sensitivities of the Nyquist-4PPM-QPSK and Nyquist-2PPM-QPSK signals have advantages of 2.2 dB and 1.0 dB over Nyquist-QPSK, respectively. Finally, a 1.6 dB superiority of receiver sensitivity is observed for the Nyquist-4PPM-QPSK signal compared with the QSPK signal. A higher received sensitivity is therefore achieved with the same spectrum efficiency.
As shown in Fig. 6 , the power efficiency decreases while the spectrum efficiency increases. Nyquist-4PPM-QPSK theoretically offers a 2.3 dB advantage in power efficiency over QPSK for the same spectrum efficiency of 1 bit/s/Hz/pol. However, due to the noise factor of the amplifier and the limited receiver bandwidth, the experimental power efficiency results are worse than theoretical value. An experimental receiver sensitivity of -49.8 dBm, with a calculated power efficiency of 9.1 dB, is observed for Nyquist-4PPM-QPSK at a spectrum efficiency of 1 bit/s/Hz/pol, which is 1.6 dB better than QPSK.
IV. CONCLUSION
In this letter, the principle and characteristics of NyquistmPPM-LQAM are proposed and described for the first time. We present an experimental demonstration of the 10 Gbit/s Nyquist-mPPM-QPSK format based on Nyquist-shaping and the mPPM-QPSK format. The power-and spectrum-efficient modulation format Nyquist-mPPM-QPSK possesses twofold spectrum efficiency compared with traditional mPPM-QPSK and higher power efficiency than the QPSK signal. Experimental investigation has shown that Nyquist-4PPM-QPSK has a received power of -49.8 dBm at BER of 1e-3, corresponding to a calculated power efficiency of 9.1 dB with a spectrum efficiency of 1 bit/s/Hz/pol. In particular, an improvement of 1.6 dB power efficiency over QPSK is confirmed. Thus, the proposed format can provide high power efficiency with twice the spectrum efficiency of non-Nyquist-shaped formats, which has potential in applications such as large-capacity ultra-long-haul fiber transmission systems and free space optics communications.
